Abstract. The influence of the spatial distribution of stellar wind velocities (Wind Rose effect) on the X-ray light curve of highly eccentric binaries is examined using the properties of spherical-symmetrical and Be disk-fed outflow. The effects of the wind geometry, velocities and densities in the stellar wind of the Be star and of the orbital motion of the neutron star on the expected X-ray luminosity are investigated. It is shown that the shapes of the X-ray light curves depend strongly on the outflow velocity of the gas ejected by the Be star at the orbital distance of the compact object. If v wind v orb then the X-ray luminosity is high and the X-ray light curves are determined by the orbital velocity of the neutron star. The effects of changes in the mass loss rate of the Be star and in the orbital separation on the expected X-ray light curves are studied. It is shown that a phase shift of the maximum X-ray luminosity is always present in the X-ray light curves. We show that in some cases an accretion disk may temporarily form around the neutron star. The observed Xray light curves of some transient binaries are analysed using the developed model. We show that the Be/X-ray transients A 0538-66, X 0331+53 and some other sources are likely to undergo transitions from the accreting neutron star regime to the propelling one. Evolutionary scenarios which can lead to a formation of the binary systems A 0538-66, A 0535+26, X 0331+53, 4U 1145-619, 4U 0115+634 and EXO 2030+375 are presented. For the first time, the evolutionary tracks include both the orbital period changes and the neutron star spin period history. Using Monte Carlo simulations, we calculate the number distributions of Be+X-ray PSR binaries over orbital periods and eccentricities for different scenario parameters taking into consideration the influence of kick velocity and synchronization. We conclude that synchronization is a very important process and must be taken into account when calculating Be star evolution in binary systems. We also calculate the critical orbital period for existence of a Be+X-ray pulsar binary, which is ∼ 10 d . The obtained distributions is in good agreement with the observational lack of such binaries with orbital period P orb < P crit orb .
Introduction
The Be/X-ray transients represent the largest subclass of High Mass X-ray Binaries (HMXB). These systems consist of a compact object (usually a neutron star) in a wide eccentric orbit with a Be star. A Be star is defined to be an early type luminosity class III-V star, which has at some time shown emission in the Balmer lines. Balmer emission along with a significant infrared excess is believed to originate in the circumstellar material surrounding the Be star, probably in the form of an equatorial disk. This paper can be logically divided into two distinct parts. In the first part (Sects. 1-4) we consider two important effects dealing with the phenomenon of plasma accretion on the magnetized neutron star in the essential non-stationary conditions of an anisotropic matter outflow from a normal star. In the second part (Sects. 5-7) we discuss the possible way in which such systems can be formed, and compare the theoretical distributions of a number of Be/X-ray binaries obtained by Monte Carlo method with observational data.
Until now it was believed that in the Be/X-ray systems mass transfer is enhanced during periastron passage, as the neutron star passes through the denser regions of the Be companion's disk, resulting in X-ray outbursts. Recently, a number of authors have discussed several nonclassic effects in high eccentric X-ray transients such as A0538-66. King and Cominsky (1994) , Campana et al. (1995) , Corbet (1996) , Campana (1997) and Stella et al. (1986) considered the possibility of the X-rays production by magnetospheric accretion if the neutron star is rotating rapidly enough. Campana et al. (1995) suggested that the X-ray emission observed by ROSAT could be a result of energy release occurring when the accreting material is halted at the magnetosphere. Recently Corbet (1996) pointed out that the luminosity gap (a sharp jump in the X-ray luminosity given by the ratio of the minimal neutron star accretion luminosity to the maximal magnetospheric accretion luminosity) should be observed for transient X-ray binary systems. The idea that such a luminosity gap takes place during a transition from magnetospheric accretion to neutron star accretion was put forward for the first time by Gnusareva and Lipunov (1985) and was developed later by Corbet (1996) . Recently Cui (1997) presented observational evidence for "propeller" effects in two X-ray pulsars, GX 1+4 and GRO J 1744-28. However, the luminosity gap observed by Fig. 1 . The different velocity components that constitute the relative wind velocity with respect to the neutron star for OB star case. Cui (1997) in GX 1+4 when pulsations are not detected is not consistent with the predicted gap expected on the theory outline in our paper and other papers.
In this paper we consider in more detail all these effects and make attempts to fit single X-ray flares observed for some Be/X-ray binaries by the model including all of considered effects. We also calculate the number distributions of Be+X-ray PSR systems over orbital periods and eccentricities for different scenario parameters and compare them with the properties of some observed systems. Calculations of evolutionary tracks and all statistical computations have been made using the Scenario Machine (Lipunov et al. 1996) developed at the Relativistic Astrophysics Department of the Sternberg Astronomical Institute. The demonstration version of the Scenario Machine are available at our WWW site http://xray.sai.msu.su/
Wind rose effect

Spherical-symmetrical wind
Here we consider the influence of the spherical-symmetrical star wind on the compact magnetized component. It is largely determined by the rateṀ w and velocity of stellar wind at infinity v ∞ . We assume
where v p = 2GM/R is the parabolic velocity at the stellar surface, β is numerical coefficient. The wind velocity relative to the neutron star v rel is a spherical wind velocity v w in the form
and the orbital velocity v orb is given by
where R and M are the radius and mass of the optical star. We find 
The different velocity components are explained in Fig. 1 . The amount of matter captured by the neutron star per unit time iṡ The capture radius R g of the stellar wind material is given by
If all gravitational energy is converted into X-rays, we find
We calculate the expected X-ray luminosity of a neutron star that is accreting wind material. The theoretical X-ray curves are shown in Fig. 3 . Notice the phase shift in the maximum X-ray luminosity to later phases with decreasing wind velocities. All curves are normalized to the maximum X-ray luminosity.
In Fig. 2 we show the influence of spherical-symmetrical Wind Rose effect on the product of the phase shift in the maximum X-ray luminosity ∆ϕ max by the X-ray light curve amplitude A as a function orbital eccentricity e for different values of the numerical coefficient β. The maximum shifts to smaller eccentricity with increasing v wind . The curve has a maximum about e = 0.3 − 0.35. Thus we can conclude that sphericalsymmetrical Wind Rose effect must be most pronounced in systems with eccentricity of order 0.3 − 0.4.
Be disk-fed outflow
The velocity structure of the polar and the equatorial regions of the stellar wind of the Be star are distinctly different. Let us assume that the neutron star orbit is in the equatorial plane of the Be star. The velocity law in the equatorial regions was derived from the IR excess (Waters et al. 1988) . Assuming a power law density distribution and using the equation of continuity in the disk, we obtain the velocity distribution as
where n is the density parameter (Waters et al. 1988) . We adopted the opening angle for the disk of θ = 20 o and assumed that the radius of the disk is much larger than the dimension of the orbit of the binary.
From the equation of mass continuity the mass loss rate can be derived aṡ
where v r is the radial outflow velocity. Assuming thatṀ w is constant and using Eq. (9), we obtain ρ. The exact value of v 0 in equatorial regions is uncertain, but most probably lies between 2 and 20 km s −1 (Lamers & Waters 1987 ). We will use v 0 = 10 km s −1 . The wind velocity consists of a radial component v r and a rotational component v ϕ . We will assume a Keplerian rotational velocity law
The relative velocity v rel of the wind with respect to the neutron star can then be written as
The different velocity components are illustrated in Fig. 4 . The accretion rate can be estimated by the Bondi-HoyleLyttleton formulae in the forṁ
If the Be disk principal plane has an inclination with respect to the orbital plane of the compact star then the relative velocity during the crossing the Be disk plane by the neutron star is written as
where i D is the Be star disk inclination. The general view of such a configuration is illustrated in Fig. 5 . From geometrical principles one can locate the particular areas of neutron star orbit to account for the contribution of the Be disk. For other points of the orbit we assume that the stellar wind has a sphericalsymmetrical structure as it is the case for normal stars without equatorial disk. If all gravitational energy is converted into X-rays, the luminosity is given by
In Fig. 7 we have plotted the logarithm of the ratio (L x /L max x ) as a function of orbital phase for different values of eccentricity. We show the expected X-ray light curves for a neutron star embedded in a stellar wind expanding with a nearly constant velocity (n = 2.1) and with a more steeper velocity law (n = 3) which will cause the X-ray flux to vary more along the orbit. Notice that due to the complex velocity field of the Be star (Wind Rose effect) the expected X-ray light curves has complicated shapes and the X-ray maximum does not necessarily occur at periastron. The X-ray modulation increases with n. The shape of the X-ray curves also depends on orbital separation. We use two values of orbital periods, namely 20 d and 70 d . With increasing orbital period the X-ray light curve peaks more sharply. All curves are normalized to the maximum X-ray luminosity.
The X-ray luminosity of wind-accreting neutron stars is strongly dependent on the mass loss rate of the primary. It is generally thought that the long-term variability of the X-ray flux in Be/X-ray binaries is caused by a variable mass loss rate of the Be star. Periods of quiescence in X-rays are found to coincide with the absence of H α emission and IR excess. The latter two are indicators of the level of mass loss of the Be star (Corbet et al. 1985; .
The X-ray light curves always show a phase shift in the maximum X-ray luminosity and vary in shape and amplitude with eccentricity. It is clear from Fig. 6 that the phase shift depends on e and the velocity law parameter n (it should be noted that the phase shift depends also on the value of v 0 which is taken as 10 km s −1 ). The curves plotted in Fig. 6 show a bend due to Wind Rose effect. With increasing eccentricity the maximum of X-ray light curve occurs initially near to apoastron but then beginning from some value of e a second maximum about periastron begins to dominate and as a result a bend appears. The analysis of the IR excess as a function of wavelength (Waters et al. 1988) shows that the density structure of the disk around the primaries of Be/X-ray binaries is very similar, with a typical density distribution ρ(r) ∝ r −n , with 2.1 < n < 3.5 for most of the stars (Waters et al. 1988 ). This suggests that the mechanism responsible for the presence of such axisymmetric wind in Be stars and Be/X-ray binaries is the same. The transient Be star X-ray binaries that are the best candidates for observing the predicted X-ray maximum phase shift are listed in Table 1 .
Gap, mixed neutron star stages
The observed light curves of some sources show a much stronger variability related to the orbital motion than expected from our previous wind rose model. This can be explained by a centrifugal inhibition of accretion. Accretion onto a rotating neutron star occurs only if the centrifugal drag exerted by the magnetosphere on the accreting matter is weaker than gravity, i.e. if the centrifugal barrier is open. If magnetosphere rotates at a super-Keplerian rate, matter cannot penetrate the magnetospheric boundary. In this case the luminosity produced by the magnetospheric impact is
It is necessary for the centrifugal barrier to be overcome to start accretion onto a rotating magnetized neutron star. In this case accretion onto the neutron star surface converts gravitational energy into radiation with a much higher efficiency:
Thus, when calculating the X-ray curve one should take into account the existence of such a centrifugal barrier.
In recent years, a number of authors (King & Cominsky 1994; Campana et al. 1995; Corbet 1996; Campana 1997; Stella et al. 1986 ) have considered the possibility that the X-rays can be produced from magnetospheric accretion if the neutron star is rotating sufficiently rapidly. Stella et al. (1986) have used observational data of 1983-1984 periodic outbursts of X 0331+53 in order to provide the first evidence for the action of the centrifugal barrier in an X-ray transient. Campana et al. (1995) suggested that the X-ray emission observed by ROSAT is the result of energy release produced by accreting material stopped at the magnetosphere radius. Recently Corbet (1996) pointed out that a luminosity gap (a sharp jump in the X-ray luminosity given by the ratio of the minimum neutron star accretion luminosity and maximum magnetospheric accretion luminosity) should be observed for transient X-ray binary systems. The idea that such a luminosity gap takes place during a transition from magnetospheric accretion to neutron star accretion was put forward, for the first time, in paper by Gnusareva & Lipunov (1985) and was developed later by Corbet (1996) .
The most important consequence of orbital eccentricity for the evolution of neutron stars is the possibility of existence of two different types of binary systems separated by a critical eccentricity, e cr (Gnusareva & Lipunov 1985) .
Let a neutron star enters a binary system with some eccentricity. The normal star supplies matter to the compact object. We assume that all the parameters of the binary system (binary separation, eccentricity, masses, accretion rate, etc.) are stationary and unchanged. Then a critical eccentricity e cr appears such that at e > e cr the neutron star is not able to reach the accretion state along the entire orbit. Let the neutron star be rapid enough initially to be at the ejector (E) state. The evolution of such a star is determined only by its spindown (other parameters being unchanged). The star will gradually spin down to a state such that when passing close to the periastron where the density of the surrounding matter is higher, the pulsar will pass into the propeller (P) regime. For a small part of its life the neutron star will be on a mixed EP-state being in the propeller state at periastron and in the ejector state close to apastron. The subsequent spin-down of the magnetized neutron star leads it most probably to be in propeller state along the entire orbit. This is due to the fact that the pressure of matter penetrating the light cylinder increases faster than that caused by relativistic wind and radiation, as first noted by Schwartzman (1971) . So it is to be much harder for the neutron star to pass from the P state to the E state than from the E to the P state. Finally the neutron star will spin down to some period, p a , at which accretion will be possible during the periastron passage. Accretion will lead to a spin-up of the neutron star, so that it reaches some average equilibrium state characterized by an equilibrium period p eq defined by the balance of accelerating and decelerating torques averaged over the orbital period. If the eccentricity was zero, the neutron star would be in the accretion state all the time. By increasing the eccentricity and keeping the periastron separation between the stars unchanged, we increase the contribution of the decelerating torque over the orbital period and thus decrease p eq . At some ultimate large enough eccentricity e cr the equilibrium period will be less than the critical period p a allowing the transition from the propeller state to accretor state at apoastron to occur. The rotational torque, averaged over orbital period, vanishes and in this sense an equilibrium is achieved, although the neutron star periodically passes from the propeller state to the accretion state. This means from the observational point of view that such binaries will be observed as transient X-ray sources with stationary parameters for the optical component.
The evolutionary track of a neutron star in an eccentric binary (e > e cr ) is
which must be the main way of formation of such X-ray transients as A 0538-66, X 0331+53, etc. In Fig. 8 we show the effect of the transition from the accretor to the propeller state on the X-ray light curve. For the neutron star mixed stages the transition from the propeller state to the accretor state causes a sharp increase in the X-ray luminosity. It is to be noted that a luminosity gap takes place before the transition to accretion stage. It is obvious that the ratio L x (bef ore)/L x (af ter) is independent of the magnetic field strength for PA-transition model. The gap is given by (Gnusareva & Lipunov 1985 )
when r ns = 10 km is the neutron star radius and r c is the corotation radius
Detection of X-ray luminosity L x (bef ore) from Eq. (18) would be a good evidence that a luminosity gap occurs due to overcoming the centrifugal barrier.
Recently Cui (1997) presented observational evidence for the "propeller" effects in two X-ray pulsars, GX 1+4 and GRO J1744-28. Both sources were monitored regularly by the Rossi X-ray Timing Explorer (RXTE) throughout a decay period in the X-ray brightness. Quite remarkably, strong X-ray pulsation became non-measurable when the total X-ray flux had dropped below a certain threshold. Such a phenomenon is a clear indication of the propeller effects that take place when pulsar magnetosphere grows beyond the corotation radius as a result of the decrease in mass accretion rate. The centrifugal force prevents accreting matter from reaching the magnetic poles. The entire process should simply reverse as the accretion rate increases. Indeed, steady X-ray pulsation was reestablished as the sources emerged from the nonpulsating faint state. The results obtained by Cui (1997) can be the first observational evidence for the existence of a accretor-propeller luminosity gap. However, the luminosity gap observed by Cui (1997) is not consistent with the predicted ratio L x (af ter)/L x (bef or) expected on the theory.
4. X-ray light curve modelling to some Be/X-ray sources
A 0538-66: prime candidate for detecting a luminosity gap
So far two mechanisms have been proposed for explaining the Xray temporal behaviour of A 0538-66: (i) during the periastron passage the mass loss rate of the Be star can be enhanced due to dynamical tidal interaction of the primary component and the neutron star; (ii) the neutron star moves through an unchanged stellar wind. However a sharp increase in the X-ray luminosity cannot be treated by purely embedding the neutron star in the high-density wind of the Be primary. It should be taken into account that the neutron star passes from the propeller state to the accretor state. For our modelling besides a Wind Rose effect we take into consideration the AP-transition effect on the X-ray luminosity behaviour.
The source A 0538-66 was discovered with the Ariel 5 satellite when two outbursts were observed in 1977 June and July (White & Carpenter 1978a) . The source was shown to be a recurrent transient with a period about 16.6 days (Johnston et al. 1979; Skinner et al. 1980b ). The optical counterpart has the spectral type B2IIIe (Charles et al. 1983 ) and shows flares of ∼ 2 mag brightness at the same phase as the X-ray outbursts, as discovered by Skinner (1980a) . Observations with the Einstein satellite during an outburst (Skinner et al. 1982) led to the discovery of rapid X-ray pulsations with a period P = 69 ms. Johnston et al. (1979) reported two further outbursts observed with the HEAO 1 scanning modulation collimator in October and November, 1977 and pointed out that the onsets of the outbursts were consistent with a period 16.65 days. Further X-ray observations of outbursts were made by Skinner et al. (1980b) using the HEAO 1 satellite. The X-ray outbursts were found to last up to at least 14 days or to be as short as a few hours. A 0538-66 in its largest outbursts (Skinner et al. 1980b ) has luminosity around 10 39 erg s −1 . ROSAT (Mavromatakis & Haberl 1993) and ASCA observations (Corbet et al. 1995) have revealed low-level outbursts with luminosities of 4 × 10 37 erg s −1 and 2 × 10 37 erg s −1 in the two ROSAT observations and ∼ 5.5×10
36 erg s −1 in the ASCA observation. Due to the low count rate and sampling frequency it was not possible to determine whether the 69 ms pulsations were present in the data. The ratio of L max to L min in soft X-rays is > 1000.
The X-ray flares usually occur later than periastron by 0.2 − 0.7 days (except for the second ROSAT outburst). We have tried to fit the light curves for single X-ray flares observed for A 0538-66. The upper limit on the emission between the two ROSAT outbursts (Mavromatakis & Haberl 1993) is at least 1000 times lower than the maximum luminosity (8 × 10 37 erg s −1 in the first short outburst). None of the known mechanisms of mass transfer via wind accretion can explain these large differences. The high ratio of L max to L min in soft X-rays led us to conclude that switching an accretor on occurred as the result of PA-transition during the first short outburst. This transition probably takes place due to very large eccentricity which should be greater than e cr for this system. In Fig. 9 the observed X-ray light curve of A 0538-66 in 1990 (Mavromatakis & Haberl 1993 ) is plotted. The solid line is the theoretical Xray light curve with account of PA-transition for a model with R = 8R , M = 10M , P orb = 16.65 days, e = 0.85 and n = 2.1. We could not fit the theoretical light curves for other X-ray flares observed for A 0538-66. The different shapes and intensities of the sequence of flares indicate that the density structure of the Be disk of matter is not constant. Optical spectroscopic observations show (Doazan 1982) that at least in the case of some Be stars the disks move radially away from Be star. Theoretical considerations also imply that the structure of the gas ring around a Be star should change with time (Pringle 1981) . From the duration of the longest X-ray flares we can conclude that an accretion disk exists in the A 0538-66 system around the neutron star (at least during the longest X-ray outbursts). In this case the shape of the X-ray light curve is determined by the non-stationary flow in the accretion disk rather than by the Wind Rose effect. The presence of an accretion disk should affect the shape of the X-ray light curve. The formation of such a disk should result in an additional flattening of the X-ray light curve. The shape of outburst in this case cannot be predicted and our model is inapplicable for such X-ray behaviour.
X 0331+53: luminosity gap has been detected?
The peculiar hard X-ray transient, X 0331+53, had been detected in 1973 with Vela 5B in a bright (∼ 1 Crab) outburst, and had been designated as V 0332+53 (Terrel & Priedhorsky 1984) . It has been identified optically with the 15 mag star BQ (Stella et al. 1985) . Notice the apparently sudden decrease in luminosity at the end of periodic outbursts. We assumed P orb = 34 d , e = 0.28, Pns = 4.4 s , Bns = 2.5 × 10
12 Gs and v0 = 10 km s −1 , n = 3.0.
Cam. The optical counterpart is likely to be a reddened Be star Stocke et al. 1985; Iye and Kodaira 1985; Corbet et al. 1986 ). In 1983-1984 three periodic class I outbursts were observed with EXOSAT (Stella et al. 1985) each one with a peak flux of less than 100 mCrab. This series of observations resulted in the discovery of 4.4 s X-ray pulsations. Doppler timing allowed the determination of the orbital parameters giving a 34 day orbital period with an eccentricity of 0.31 and the time of periastron passage coinciding with the times of the three outbursts. Two outbursts were observed using the X-ray satellite Tenma (Makishima et al. 1990 ).
The observed light curves of this source show a much stronger variability related to the orbital motion than expected based on the direct wind accretion model. Stella et al. (1986) have used these observations to provide the first evidence for the existence of the centrifugal barrier in X-ray transients. We made attempt to fit the model light curves to observational data obtained during a series of periodic outbursts from X 0331+53, for which orbital flux variations were larger than a factor of ∼ 300 (Stella et al. 1985) . This is consistent with the value of L x (bef ore)/L x (af ter) = 450 (see also Corbet 1996) . In Fig. 10 we show the theoretical X-ray light curve taking into account of PA-transition for X 0331+53, the accretor-propeller luminosity gap occuring at a transition from neutron star to magnetospheric accretion and vice versa are seen. It is very possible that during "giant" outbursts a transient accretion disk is forming. Then our X-ray light curve model is not able to provide a good fit to the observational data.
4U 1145-619
The Be/X-ray binary 4U 1145-619 is a highly variable X-ray source which has been optically identified with the 9th magni- tude B1 Ve star V801 Cen (Bradt et al. 1977; Dower et al. 1978) . The source was found to pulsate with a 292 s period (White et al. 1978b) . Analysis of the long-term X-ray behaviour of 4U 1145-619 revealed recurrent outbursts with a period of 186.5 days. This period was proposed as the orbital one (Watson et al. 1981) .
As so far the orbital period of this binary is unknown we made an attempt to fit the model light curve to the second outburst from the sequence of flares given by Bildsten et al. (1997) accepting epoch of periastron passage T 0 = 49954.61. In Fig. 11 we show the model light curve fitted to this outburst. The emission at phase > 0.2 can due to Wind Rose effect when modelling the X-ray curve with other orbital parameters (note that our theoretical curve is only as an illustration) or can due to episode of enhanced mass loss from the Be star.
4U 0115+634
SAS-3 discovered 3.6 s pulsations from 4U 0115+634 and subsequent pulse timing revealed the pulsar to be in a 24 d eccentric orbit (Rappaport et al. 1978) around the heavily reddened Be star, V635 Cas (Johns et al. 1978) . Four outbursts have been observed for this X-ray transient: 1970 -1971 by Uhuru, 1978 by SAS-3, Ariel 5, and HEAO 1, 1980 by Ariel 6, and 1987 by Ginga (Forman et al. 1976; Holt & Kaluzienski 1978; Johnston et al. 1978; Ricketts et al. 1981; Makino 1987) . A search of Vela 5B data base reveals that the source also underwent a major outburst in 1974 August and small outbursts in 1969 August, 1970 January, and 1970 August (Whitlock et al. 1989) . It should be noted that the weaker outbursts peak occurs around orbital phase 0.55, while the stronger events do not. To date, BATSE has observed 5 outbursts from 4U 0115+634 ). We could not fit theoretical light curves for X-ray flares observed for 4U 0115+634. The temporal evolution of V635 Cas is very different from that of other Be/X-ray binaries. The Xray outbursts from the neutron star vary in strength but typically last for a month. The associated optical and infrared activity is far more prolonged, lasting typically ∼ 6 months. Mendelson & Mazeh (1991) concluded that X-ray outbursts occur when the optical outburst is relatively long (∼ 200 days) and strong (∼ 1 m ). It is suggested that an episodic equatorial mass loss from the companion star is the trigger for each outburst. Unger et al. (1998) concluded that the large variations in optical luminosity originate in the Be circumstellar envelope and not in the accretion disk around the neutron star. They presented observations indicating that the optical counterpart is an O9e star. This is the first direct determination of this star's optical spectral type.
EXO 2030+375
The transient Be/X-ray binary EXO 2030+375 was discovered by Parmar et al. (1989) using the EXOSAT satellite. The X-ray source was found to have a pulsation period of about 41.8 s (Parmar et al. 1989 ) and identified with a B0 Ve (Coe et al. 1988 ). The EXOSAT observations found an orbital period of ≈ 46 d and a strong correlation of both the accretion torque and pulse shape with luminosity. During the interval 1992 February 8-1993 August 26 13 consecutive outbursts were seen with durations 7−19 d, spaced at approximately 46 d intervals (Wilson et al. 1992; Bildsten et al. 1997) . The source could not be detected between the X-ray outbursts. We can interpret this as a switch-off by centrifugal inhibition, that is the transition from accretor to propeller stage. In Figs. 12, 13 and 14 we show three X-ray outbursts monitored by the BATSE ) and their best-fit model light curves. The possible accretor-propeller luminosity gaps are shown. It should be noted that for modelling we have no changed the Be envelope parameters for the entire sequence of outbursts.
4U 1907+097: a supergiant with a Be-like equatorial disk?
The X-ray source 4U 1907+09 was first detected with the UHURU satellite as a variable a X-ray source (Giacconi et al. 1974) . Makishima et al. (1984) discovered X-ray pulsations in 4U 1907+09 with a period of 437.5 s using data from the Tenma satellite. A major X-ray flare was detected from the source in 1980 January with Ariel 5 Sky Survey Instrument (SSI) (Marshall & Watson 1980b) . From the temporal analysis of the Ariel V data Marshall & Ricketts (1980a) have found a period of about 8.3 days. The X-ray light curve of X 1907+097 showed a second maximum of lower strength about half a cycle later than the first maximum at phase ∼ 0.05. Makishima et al. (1984) and Cook & Page (1987) suggested that the two flares occur due to the orbital plane's being inclined with respect to an equatorial disklike envelope around the Be star: when the neutron star crosses the disk, it temporarily has increased its power of accretion. Van Kerkwijk et al. (1989) made a detailed inventory of new, as well as old, optical and X-ray measurements and came to the conclusion that the classification of the optical counterpart as an OB supergiant, rather than a Be star, is "virtually certain". The occurrence of two flares per orbit has been difficult to reconcile with the identification of the companion as a supergiant high-mass star. It has always been thought that these stars do not have a circumstellar disk as it is presumed for Be stars. However, recently evidence is increasing that in hot supergiants in the upper part of the HR diagram axial symmetry may play an important role (Zickgraf et al. 1996) . Recently another wind-fed accreting X-ray pulsar with a supergiant companion has been shown to consistently display two flares per orbit: GX 301-2 (Pravdo et al. 1995; Koh et al. 1997) . This again supports the notion that the wind from the companion is not isotropic but that the mass flux is enhanced along the equatorial plane. The two flares then may be caused by the neutron star traversing this plane twice per orbit in a sufficiently inclined orbit (In 't Zand et al. 1998) .
Our model X-ray light curve and SSI observations of 4U 1907+097 during a ∼ 20-day scan of the galactic plane in November 1976 (Marshall & Ricketts 1980a ) are plotted in Fig. 15 . We used the model discussed above. It should be noted that in order to fit the theoretical light curve to observational data we do not need an inclination of neutron star orbital plane! The complex structure of the equatorial disk-like wind of primary leads to a second maximum of lower strength for the system with orbital parameters similar to those of 4U 1907+097.
The evolutionary scenarios for the formation of Be/X-ray transients
Aside from the examination of effects dealing with plasma accretion on the magnetized neutron star in the non-stationary conditions of an anisotropic outflow from a normal star it is of interest to consider possible evolutionary histories of Be/X-ray systems. We assume that Be stars are formed in binary systems where mass transfer spins up the accretor to high rotational velocity so that it starts showing the Be-effect. This scenario was proposed for the first time by Kriz & Harmanec (1975) and by Rappaport & Van den Heuvel (1982) . Packet (1981) has showed that accretor must gain only a few percent of its original mass (∼ 0.1M ) in order to become a Be star. The evolutionary tracks which can lead to a formation of a Be + X-ray pulsar binaries with parameters similar to those of the A 0538-66, A 0535+26, X 0331+53, 4U 1145-619, 4U 0115+634 and EXO 2030+45 are illustrated in Figs. 16 and 17. The continuous evolution of a binary component is treated as a sequence of a finite number of basic evolutionary states (for example, main sequence, Wolf-Rayet star, etc), in which the stellar parameters significantly differ from each other. The evolutionary state of the entire binary can be thus determined as a combination of the states of each component, and changes once the faster evolving component goes into the next state. At each such stage we assume that the star does not change its physical parameters (mass, radius, luminosity, etc.) which affect the evolution of its companion (especially in the case of compact magnetized stars). Every time the faster evolving component goes over into the next stage we recalculate its parameters. Depending on the evolutionary stage, the state of the slower evolving star is changed accordingly or may remain the same. With some exceptions (such as the supernova explosion), no simultaneous change of state for both components can occur.
We use the following notations of evolutionary stages of the components: MS = a main sequence star inside its Roche lobe; a MS-star that accretes matter during the first mass transfer is considered to be a rapidly rotating Be-star if its mass is more than 10M ; Giant = evolved giant not filling its Roche lobe; RLO = a MS or post-MS star filling its Roche lobe (mass transfer onto the companion); WR = a helium (WR) star remaining after the mass transfer; RLO(fast) = Roche lobe overflow in the thermal timescale; RLO(slow) = Slow (evolutionary driven) phase of mass transfer; RLO(short) = Roche lobe overflow before the common envelope stage (very short stage); E, P, A correspond to ejecting, propelling, and accreting stages of a compact magnetized star.
Immediately before the supernova explosion the orbit is circular. This is the result of strong tidal interaction in the masstransfer phase. An asymmetric supernova explosion gives a kick to the collapsing star. In this way very large eccentricities can be obtained. When calculating evolutionary tracks we assumed an anisotropic collapse with v kick presented in Figs. 16 and 17 .
All presented time histories of Be/X-ray transients are not unique. We consider only one of the possible cases of the formation of such systems. Nonetheless, the consideration of the possible evolutionary histories of these sources presents great interest. For the first time, the evolutionary tracks include both the orbital period changes and the neutron star spin period history. Furthermore, we take into account the influence of synchronization on evolution of stars in close binary. It makes it possible to calculate the distributions of number of Be/X-ray systems over orbital periods in agreement with observational data. It should be noted that to date satisfactory distributions of a number of such systems over orbital periods have never been obtained. These new results are discussed in the next sections.
About inclusion of influence of synchronization on evolution of close binaries
As was originally pointed out by Kreiken (1935) , the components of close binaries have their rotational velocities significantly diminished with respect to single, main-sequence stars of the same spectral type. As was shown by Zahn (1966) , tidal friction operates effectively in stars having an extended outer convective zone, where the dominant dissipation is eddy viscosity retarding the equilibrium tide. However, Tassoul (1987) claims that this braking mechanism is much too weak to account for the high degree of synchronism that is observed in the early-type binaries, because viscosity is much smaller in a stellar radiative envelope than in the region where turbulent convection prevails. Tassoul (1987) has presented a purely hydrodynamical mechanism which tends to synchronize the axial and orbital motions of components of binary. This process involves a large-scale meridional flow, superposed on the motion around the rotation axis of the tidally distorted component. These mechanically-driven currents cease to exist as soon as synchronization has been achieved in the star. Using the formalism by Tassoul, Claret et al. (1995) have studied a sample of selected eclipsing binaries with eccentric orbits and accurate absolute dimensions in order to analyse the validity of available theories of evolution concerning synchronization and circularization time scales. They pay special attention to stars with radiative envelopes. The comparison of observed rotational velocities with expected values for each binary system configuration has shown good agreement with theoretical predictions.
According to Claret et al. (1995) for nearly circular orbits the synchronization time scale is
where M , L and R are in solar units and P and τ syn are in days, q is mass ratio. The parameter N is connected with the different ways to transport energy into the outer layers of the stars. For stars with envelopes in radiative equilibrium, N = N r assumed to be 0.
When calculating the evolution one should take into account that the synchronization time scale may be less than life-time scale of Be star at main sequence after the first mass transfer. It has strong effects on the resulting number distribution of Be+X-ray pulsars over orbital periods. In particular, it can explain the lack of Be stars paired with neutron stars "accretors" with orbital period P orb < 10 − 15 days.
In fact, let us estimate the critical orbital period P crit orb for binary system in case of stars with radiative envelopes. Thus we shall calculate the minimal orbital period for production of Be/X-ray pulsar binary at the end of evolutionary track. For this purpose, we equate τ ev (Iben & Tutukov 1987) and τ syn τ ev = 10 3.9−3.8 log M +log
The radius of the main-sequence star (Iben & Tutukov 1987 ) is R = 10 0.66 log M +0.05
( 22) and its luminosity (Iben & Tutukov 1987) is
where M , L and R are in solar units and τ ev is in days. As a result, we get P crit orb = 13 − 16 days for Be stars with M = 10 − 20M .
Thus, we obtain a lower limit to the orbital period for the existence of Be/X-ray pulsar system. It can explain the fact that such systems with orbital periods less than 10 − 15 days are not observed.
Distributions of numbers of Be+X-ray pulsar systems over orbital periods and eccentricities
Using Monte Carlo simulations, we systematically investigate the effects of high supernova kick velocities, the different mass ratio distributions and the influence of synchronization effect on the orbital parameters of Be/X-ray binaries. It has long been known that a small asymmetry during a supernova explosion can impart a substantional kick to a newborn neutron star (Shklovsky 1970; Sutantyo 1978; Dewey & Cordes 1987; Bailes 1989) . For example, a 1 percent asymmetry in the neutrino momentum flux is sufficient to give a neutron star a kick velocity of ∼ 400 km s −1 . While a variety of kick mechanisms have been proposed in the past, the detailed physics of the kick process has remained very poorly understood (Harrison & Tademary 1975; Woosley 1987; Burrows & Fryxell 1992; Duncan & Thompson 1992; Janka & Miller 1996) .
It seems natural to assume that the kick velocity is arbitrarily directed in space. The value of the kick velocity w can be quite different and may well depend on a number of parameters, such as magnetic field strength, angular velocity and so on; we consider the extreme assumption of a maxwellian-like distribution,
which is natural to expect if several independent approximately equally powerful anisotropy mechanisms operate randomly.
Here w 0 is a parameter which is connected with the mean kick velocity w m by the relation w m = 2 √ π w 0 . In addition, we performed calculations for the kick velocity distribution taken so as to fit the observed transverse pulsars' velocity obtained by Lyne and Lorimer (1994) :
where x = w/w 0 , w 0 is a parameter. The best-fit to Lyne and Lorimer's two-dimensional distribution is reached at w 0 = 400 km s −1 . To start calculations, we choose the distributions of the initial binary parameters: the mass of the primary zero-age main sequence component, M 1 , binary mass ratio, q = M 2 /M 1 < 1, orbital separation a. Zero initial eccentricity is assumed.
The distribution by orbital separations is deduced from observations (Abt 1983) ,
whereas the mass ratio distribution is not. Especially important from the evolutionary point of view is the difference in the initial masses of the components (see e.g. Trimble, 1983) . The zero assumption often made is that the mass ratio distribution has a flat shape, that is binaries with a high mass ratio occur as frequently as those with equal masses. As we cannot reliably determine this distribution directly from observations (due to a number of selection effects), we have parametrized it by a power-law shape, assuming the primary mass to obey Salpeter's power law:
We assume that a neutron star with a mass of 1.4M is formed as a result of the collapse of a star with a core mass before the collapse M * ∼ 2.5-35M corresponding to the initial mass range ∼10-60M (we take into account that massive star can loose more than ∼10-20 percent of their initial mass during evolution through a strong stellar wind (de Jager, 1980) ).
Magnetic fields of rotating compact objects (neutron star and white dwarf) largely define the evolutionary stage of the compact object in a binary system. The initial magnetic dipole moment of the newborn neutron star is taken to have a flat distribution for a wide range of magnetic moments
and the initial rotational period of the neutron star is assumed to be 1 ms. The mass limit for NS (the Oppenheimer-Volkoff limit) is M OV = 2.5M , which corresponds to a hard equation of state of neutron star matter. Another important point is that the collapse of a massive star into a neutron star can be asymmetrical, so that the newborn neutron star can acquire an additional, presumably randomly oriented in space, kick velocity w as discussed in detail above.
We have calculated the distributions of number of Be+X-ray pulsar systems over eccentricities and orbital periods in cases: a) without kick; b) with maxwellian kick velocity distribution for V kick from 100 to 500 km s −1 ; c) with the kick velocity distribution taken so as to fit the observed transverse pulsar's velocity obtained by Lyne & Lorimer(1994) for V kick from 100 to 500 km s −1 . We made the assumptions that the mass ratio distribution has a) flat shape (α q ∼ 0; binaries with a high mass ratio occur as frequently as those with equal masses), b) α q ∼ 2. The results are shown in Figs. 19, 20 and 21 . The observational distribution of number of Be/X-ray systems over eccentricities and orbital periods are plotted in Fig. 18 . Note the lack of Be stars paired with neutron stars "accretors" with orbital period P orb < 10−15 days as for calculated as for observational distributions.
Of course, it is too early to speak of a complete agreement between theoretical distributions and observational data based on statistical tests. The observational statistics is too poor and we cannot conclude that any of our theoretical distributions fits to the existing data on the orbital properties of binary systems with Be and X-ray pulsar companions. However, our theoretical distributions of number of Be/X-ray systems over orbital periods are the first distributions of this type showing good agreement with the observational lack of such binaries with orbital period P orb < P crit orb .
Discussion
The nature of the Be star physical variability is not yet clearly understood. The observed X-ray fluxes during the normal outbursts of A 0538-66, EXO 2030+375 and X 0331+53 can be explained in terms of accretion from a low-velocity, high-density equatorial wind of the Be star. It seems that due to strong variability of the Be envelope on relatively short time scales (comparable to the orbital period of 16.6d) the outbursts from A0538-66 in many binary orbits are absent (for example, the outburst with n = 5 (Skinner et al. 1980b ) was absent but the outbursts with n = 4 and n = 6 have been observed). The Be envelope parameters of EXO 2030+375 apparently have no significant variations.
Usually, the matter accreted directly from the stellar wind should posses a very small specific angular momentum with respect to the neutron star so that the formation of a disk is not possible. However, the observations of spin-up time scales of the pulsars in binary systems associated with Be stars show that the accreting matter can have a very large specific angular momentum, enough to produce a Keplerian disk (Rappaport & Joss 1977) . From the duration of the longest X-ray flares we can conclude that an accretion disk is present around the neutron star (possibly temporarily, at least during X-ray outbursts). In this case the shape of the X-ray light curve is determined by the non-stationary flow regime in the accretion disk rather than by the Wind Rose effect. The presence of an accretion disk will affect the shape of the X-ray light curve calculated. If such a disk is formed, this will result in an additional flattening of the X-ray light curve. The Be/X-ray system originated from the supernova event forming the neutron star. Generally speaking, depending on the asymmetry of the supernova explosion, the newly formed neutron star can be substationally kicked out of the original orbit plane. In Be/X-ray systems considered above there is no strong evidence supporting a large inclination angle between the orbital plane of the neutron star and the equatorial plane of the Be star and for modelling there is no need for considering such configurations. In principle, this inclination angle can be quite large.
Due to Wind Rose effect in close binary systems with a Be star paired with an accretor the X-ray light curves take complicated forms and the maximum can be observed not only at the periastron but it can also be observed close to the apoastron. The much stronger variability can be explained by the existence of centrifugal barrier preventing accreting matter from reaching the neutron star surface. The luminosity gap occurs due to overcoming such barrier and Stella et al. (1986) interpret strong variability in X 0331+53 in terms of centrifugal inhibition of accretion.
The Be stars in close binaries should have spun-down significantly during their main sequence lives and may cease to support a disk outflow converting the star into usual main sequence one. Thus for some close binaries the synchronization time scale may be less than the life-time scale of the Be star on the main sequence after the first mass transfer and we cannot observe such systems as Be/X-ray binaries. The critical orbital period value calculated can explain the observational lack of such systems with orbital period less than 10 days.
Conclusion
In this paper we have discussed the Wind Rose effect on the Xray light curve and possible transitions from the accreting neutron star regime to the propelling one resulting in the luminosity gap observed recently for the first time with great confidence. We have calculated the evolutionary scenarios leading to a formation of some Be/X-ray systems using the Scenario Machine. For the first time the evolutionary tracks include both the orbital parameters changes and the neutron star spin period history.
We calculate the distributions of number of Be+X-ray PSR binaries over orbital periods and eccentricities for different scenario parameters taking into consideration the influence of the kick velocity and of synchronization on the final properties and parameters of binary. We propose an explanation for the lack of Be stars paired with accreting neutron star in orbit less than 10 days as caused by synchronization of Be star during its evolution. With account of the effect of synchronization the theoretical distributions of Be/X-ray binaries over orbital period and eccentricities have shown good agreement with observational properties of these systems. 
